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Abstract
Earth-based microgravity simulation techniques are required due to space research constraints. Using dia-
magnetic levitation, we exposed Arabidopsis thaliana in vitro callus cultures to environments with different levels
of effective gravity and magnetic field strengths (B) simultaneously. The environments included simulated 0g* at
B = 10.1 T, an internal 1g* control (B= 16.5 T), and hypergravity (2g* at B= 10.1 T). Furthermore, samples were
also exposed to altered gravity environments that were created with mechanical devices, such as the Random
Positioning Machine (simulated lg) and the Large Diameter Centrifuge (2g). We have determined the proteomic
signature of cell cultures exposed to these altered-gravity environments by means of the difference gel elec-
trophoresis (DiGE) technique, and we have compared the results with microarray-based transcriptomes from the
same samples. The magnetic field itself produced a low number of proteomic alterations, but the combination of
gravitational alteration and magnetic field exposure produced synergistic effects on the proteome of plants (the
number of significant changes is 3–7 times greater). Tandem mass spectrometry identification of 19 overlapping
spots in the different conditions corroborates a major role of abiotic stress and secondary metabolism proteins in
the molecular adaptation of plants to unusual environments, including microgravity. Key Words: DiGE—
Microgravity simulation—Magnetic levitation—Proteome/transcriptome comparison—Callus cell cultures.
Astrobiology 13, 217–224.
To study the effect of an environment with suppressedgravitational forces, we have to place samples in orbit by
means of spaceflights or sounding rockets, or use simulation
facilities on the ground.Mechanical facilities formicrogravity,
such as 2-D clinostats or random positioning machines, and
centrifuges for hypergravity, like the Large Diameter Cen-
trifuge (LDC) (Hoson et al., 1992; Kraft et al., 2000; van Loon
et al., 2004; van Loon, 2007), are used as experimental ap-
proaches to the study of the effects of altered gravity, in-
cluding gravitation-dependent proteomic analyses (Wang
et al., 2006; Barjaktarovic et al., 2007, 2009), and help avoid the
costs and constraints of space experimentation. Nevertheless,
it is not clear whether the use of suchmachines creates either a
stimulus-free environment with respect to gravity (simulated
weightlessness) or an omnilateral gravistimulation with
strong mechanical disturbances. An alternative approach to
study the response of organisms to changes in gravity is the
use of diamagnetic levitation (Beaugnon and Tournier 1991a,
1991b; Berry and Geim 1997; Valles et al., 1997). Since dia-
magnetic material is repelled by magnetic fields, when a
diamagnetic object is positioned in amagnetic field gradient it
experiences a magnetic force away from regions of high field.
The magnitude of the force is proportional to the product of
the field strength (B) by the field gradient (the spatial deriv-
ative of the field, B¢). When [B ·B¢] is strong enough, this
magnetic force can be used to counterbalance the gravita-
tional force, leading to the levitation of a large variety of
materials such as water and other fluids. Since the bulk of
living organisms is composed of diamagnetic material, mostly
water, organisms can be magnetically levitated, provided
[B ·B¢] is about 1400 T2/m. Stable magnetic levitation is only
possible in a dozen magnets around the world, at a field
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FIG. 1. Altered-gravity ground-based facilities and experimental approach. (A) Magnetic levitator picture including a detail
of the sample container and location of the samples in the magnet bore. (B) Mechanical ground-based facilities used to
produce altered gravity on ground (RPM as a microgravity simulator and LDC, a 2g centrifuge). (C) Example of the three-
step experimental approach performed to locate, quantify, and identify one protein affected by hypergravity treatments
(GAPC1). (Color images available online at www.liebertonline.com/ast)
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strength of at least 16 T, so this technologywasmade available
to the space biologist community only some years ago (Valles
et al., 2005; Guevorkian and Valles 2006; Beuls et al., 2009;
Hammer et al., 2009; Dijkstra et al., 2011; Herranz et al., 2012;
Hill et al., 2012; Manzano et al., 2012).
We have studied the effect of an exposure of 200min to an
environment of altered gravitational and magnetic forces on
the overall proteomic profile of Arabidopsis thaliana semisolid
cell cultures (callus). The present study is the first systematic
multifacility, high-throughput, environmentally controlled
collection of experiments that has been performed with the
same setup, almost simultaneously in two mechanical facil-
ities (RPM for simulated lg and LDC for 2g) and in a
magnet-based facility, with the use of three different effective
gravity (g*) conditions [2g*, 1g*, and 0g*, namely, the calcu-
lated effective gravity for pure water in the center of each
culture chamber, assuming that variations due to differential
magnetic susceptibly of intracellular material are below bi-
ological sensitive (Schenck 1992; Valles et al., 1997); see also
Herranz et al. (2013) for a discussion about terminology].
This made possible inter-experiment comparisons of the re-
sults and a pooled analysis with multiple inner controls at
similar magnetic fields. Apart from testing what kind of fa-
cility would be most suitable and reliable as an altered
gravity simulator, a major achievement of this study was the
comparison of the proteomic profiles with the transcriptomic
results obtained from the same samples [Agilent two-color
44k whole genome microarray data sets, GEO ID: GSE29787
(Manzano et al., 2012)].
A detailed description of the experimental setup, the levi-
tation magnet (Fig. 1A), and the mechanical simulators (Fig.
1B) was provided in a parallel transcriptomic paper (Manzano
et al., 2012). In short, we exposed samples to three different
conditions (g* and B fields) within a high field magnet
(HFML, Radboud University Nijmegen, the Netherlands)
(Perenboom et al., 2004; Wiegers et al., 2010). The magnitude g*
denotes the value of the effective gravity (the asterisk reflects
the presence of the background magnetic field) in each of the
three positions within the magnet (Table 1). In the center of
the magnet bore (1g* position), the magnetic field strength is
maximal (16.5 T), but the magnetic field gradient is zero. At a
distance of 81.6mm above this position, at B= 10.1 T, the
diamagnetic force on water counterbalances the force of
gravity, which leads to stable levitation; this is the 0g* position
(zero gravity is only reached in a single point). At a distance of
81.6mm below the field center, also at B= 10.1 T, the sum of
the levitation and gravitational forces produces a 2g* effective
force. In both cases, we consider that the effective gravity
applied on Arabidopsis culture cells (free of starch statoliths) is
similar to the one of water. We base this assumption on the
fact that cells’ main component is water, and most organic
compounds within the cell have similar diamagnetic prop-
erties as those of water (Schenck 1992; Valles et al., 1997).
Additionally, we exposed samples to a mechanical simulator
of microgravity, the Random Positioning Machine (lg-RPM,
real random mode), and to the Large Diameter Centrifuge
(2g-LDC) for mechanical generation of hypergravity, both
facilities located in the European Space Research and Tech-
nology Centre [ESA-ESTEC, Noordwijk, the Netherlands,
Fig. 1B (van Loon, 2007; van Loon et al., 2008)]. In each fa-
cility, samples were exposed for 200min, at 22C – 0.1C, in
darkness. External controls were kept at room temperature
(22C– 0.1C, 1g ground gravity), away from the magnet,
LDC, or RPM. As a model system, we used callus semisolid
cultures of Arabidopsis thaliana prepared from MM2d sus-
pension cultures (Menges and Murray, 2006). For all devices
and conditions, the suspension cultures were strewn on the
agar surface 1 week before the start of the experiment and
grown at 22C to allow the callus to reach maximum density
in a 1–2mm thick layer to minimize variations in the mag-
netic field and of the effective g-force. The samples were
preserved immediately after treatment (less than 2min) by
quick freezing in liquid nitrogen and subsequent storage,
first in dry ice for transport and then under deep freezing.
Samples were analyzed as to their proteomic profile as
summarized in the example in Fig. 1C by the two-dimensional
difference gel electrophoresis (2-D-DiGE) technique. Protein
was extracted from three biological replicates as described
by Barjaktarovic et al. (2007) and purified by methanol/chlo-
roform precipitation. An amount of 40lg of control or ex-
perimental protein samples was stained with 400 pmol of Cy3
or Cy5 (CyDryes manufacturer, GE Healthcare). Standard
control for normalization between gels consisted of a pool of
the samples at the same concentration stained with Cy2. DiGE
first dimension of electrophoresis was performed in an IPG-
phor IEF System with a linear 3–11 pH (GE Healthcare). DiGE
second dimension was performed on an Ettan Dalt Six by
using 12.5% SDS-PAGE at 20C. Gels were scanned at 100lm
resolution in a Typhoon 9400 scanner (GE Healthcare). Data
analysis was performed by using two or three replicates with
DeCyder software v7.0, Differential In-Gel Analysis (DIA) and
Biological Variation Analysis (BVA) for which, as filter, a fold
change‡ 1.2 or£ - 1.2 was used with a Student t test to extract
significant results between replicates ( p< 0.05).
The results show that a 200min treatment in mechanical
facilities did not produce any significant effect at the pro-
teomic scale (Table 1). In fact, we were able to detect one spot
significantly altered in the RPM and two in the LDC only
when removing the most variable replicate, which suggests
that we were only detecting highly significant variations. The
effect of a high magnetic field is moderate, producing more
decreased than increased spots; a clearly stronger effect is
observed in the 0g* and 2g* positions, especially detected in
the 2g* position. These effects are quite similar to the synergic
effect found at the transcriptomic level with the same sam-
ples (Manzano et al., 2012), reinforcing the idea of an
Table 1. Number of Spots Showing Altered
Concentrations ( p < 0.05) under Different Effective
Gravity (g*) and Magnetic/Mechanical Conditions
Effective
force (g) 0g* 1g* 2g*
lg
RPM
2g
LDC
Magnetic field (B) 10.1 T 16.5 T 10.1 T — —
Mechanical forces — — — YES YES
Spots ‡ 1.2-fold 22 (13) 4 (15) 56 (34) 1 (0) 1 (0)
Spots £ - 1.2-fold 38 (17) 14 (20) 61 (55) 0 (0) 2 (0)
TOTAL 60 (30) 18 (35) 117 (89) 1 (0) 3 (0)
— indicated that magnetic/mechanical perturbations are minimal
and similar to the control for those samples. Number of significantly
altered spots was determined by using a Student t test ( p< 0.05) with
two replicates. The numbers obtained, including a more variable
third replicate, are shown between brackets for comparison.
MAGNET/GRAVITY EFFECTS IN PLANT PROTEOME 219
T
a
b
l
e
2.
L
o
c
a
l
iz
a
t
io
n
,
F
o
l
d
C
h
a
n
g
e
,
a
n
d
D
a
t
a
b
a
se
Id
e
n
t
ifi
c
a
t
io
n
o
f
t
h
e
19
S
p
o
t
s
A
ff
e
c
t
e
d
in
S
e
v
e
r
a
l
A
l
t
e
r
e
d
G
r
a
v
it
y
/
M
a
g
n
e
t
ic
F
ie
l
d
C
o
n
d
it
io
n
s
E
x
p
er
im
en
t
sa
m
p
le
C
on
tr
ol
sa
m
p
le
M
as
te
r
n
u
m
be
r
S
p
ot
n
u
m
be
r
t
te
st
(p
<
0
.0
5
)
A
v
er
ag
e
ra
ti
o
M
A
S
C
O
T
sc
or
e
C
an
d
id
at
e
p
ro
te
in
g
i
an
d
d
es
cr
ip
ti
on
R
P
M
C
o
n
tr
o
l
R
P
M
19
45
18
54
0.
02
1
1
.2
6
<
72
N
o
t
si
g
n
ifi
ca
n
t
re
su
lt
s
in
th
e
d
at
ab
as
e
L
D
C
C
o
n
tr
o
l
L
D
C
90
7
99
6
0.
04
6
1
.4
4
51
9#
g
i1
52
27
98
1,
fr
u
ct
o
se
-b
is
p
h
o
sp
h
at
e
al
d
o
la
se
30
8#
g
i1
52
29
23
1,
G
A
P
C
1
(G
L
Y
C
E
R
A
L
D
E
H
Y
D
E
-3
-P
H
O
S
P
H
A
T
E
D
E
H
Y
D
R
O
G
E
N
A
S
E
C
S
U
B
U
N
IT
1)
22
7
g
i1
52
39
74
1,
ci
n
n
am
y
l-
al
co
h
o
l
d
eh
y
d
ro
g
en
as
e
(C
A
D
)
22
6
g
i1
52
38
76
2,
G
D
H
1
(G
L
U
T
A
M
A
T
E
D
E
H
Y
D
R
O
G
E
N
A
S
E
1)
C
o
n
tr
o
l
L
D
C
11
93
12
91
0.
03
4
-
1
.3
9
20
4
g
i1
52
17
44
6,
A
T
C
E
L
3
(C
E
L
L
U
L
A
S
E
3)
12
8
g
i2
97
84
90
86
,
T
6D
22
.2
(A
ra
bi
d
op
si
s
ly
ra
ta
)
C
o
n
tr
o
l
L
D
C
16
83
17
47
0.
03
1
-
1
.2
1
62
2
g
i1
52
21
11
6,
A
T
G
L
X
1
(G
L
Y
O
X
A
L
A
S
E
I
H
o
m
o
lo
g
)
1
g
*
C
o
n
tr
o
l
1
g
18
99
18
59
0.
04
6
-
2
.5
2
25
0
g
i1
52
25
37
4,
A
T
P
H
B
6
(P
R
O
H
IB
IT
IN
6)
23
75
23
16
0.
00
69
-
2
.5
5
19
7
g
i1
38
99
06
9,
A
.
th
al
ia
n
a
u
n
k
n
o
w
n
p
ro
te
in
0
g
*
C
o
n
tr
o
l
1
g
92
8
10
58
0.
00
64
-
1
.2
8
<
72
N
o
t
si
g
n
ifi
ca
n
t
re
su
lt
s
in
th
e
d
at
ab
as
e
--
--
--
--
--
--
--
--
--
--
--
--
C
o
n
tr
o
l
1
g
*
11
57
0.
01
1
-
1
.3
6
C
o
n
tr
o
l
1
g
21
80
23
65
0.
01
6
-
2
.2
4
<
72
N
o
t
si
g
n
ifi
ca
n
t
re
su
lt
s
in
th
e
d
at
ab
as
e
--
--
--
--
--
--
--
--
--
--
--
--
C
o
n
tr
o
l
1
g
*
23
64
0.
04
0
-
1
.5
4
C
o
n
tr
o
l
1
g
71
7
84
4
0.
00
04
3
-
2
.2
5
27
0#
g
i1
52
22
98
1,
S
k
s5
(S
K
U
5
S
im
il
ar
5)
C
o
n
tr
o
l
1
g
84
6
97
5
0.
03
9
2
.0
7
65
0
g
i2
27
20
27
52
,
A
T
1G
56
34
0
A
T
C
R
T
1A
(c
al
re
ti
cu
li
n
a)
0
g
*
a
n
d
2
g
*
C
o
n
tr
o
l
1
g
66
3
78
8
(0
g
*)
0.
02
0
-
1
.6
6
68
7
g
i4
46
70
97
,
h
ea
t
sh
o
ck
p
ro
te
in
70
li
k
e
p
ro
te
in
66
4
(2
g
*)
0.
01
5
-
2
.6
9
20
8
g
i1
52
19
23
4,
V
H
A
-A
(V
A
C
U
O
L
A
R
A
T
P
S
Y
N
T
H
A
S
E
S
U
B
U
N
IT
A
)
74
9
87
7
(0
g*
)
0.
00
22
-
2
.0
8
62
0#
g
i1
52
22
98
1,
S
k
s5
(S
K
U
5
S
im
il
ar
5)
77
6
(2
g
*)
0.
01
6
-
1
.4
6
(c
on
ti
n
u
ed
)
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
220
T
a
b
l
e
2.
(C
o
n
t
in
u
e
d
)
E
x
p
er
im
en
t
sa
m
p
le
C
on
tr
ol
sa
m
p
le
M
as
te
r
n
u
m
be
r
S
p
ot
n
u
m
be
r
t
te
st
(p
<
0
.0
5
)
A
v
er
ag
e
ra
ti
o
M
A
S
C
O
T
sc
or
e
C
an
d
id
at
e
p
ro
te
in
g
i
an
d
d
es
cr
ip
ti
on
2
g
*
C
o
n
tr
o
l
1
g
93
9
10
62
0.
01
4
4
.9
1
14
1
g
i1
52
29
59
5,
ch
ap
er
o
n
in
,
p
u
ta
ti
v
e
--
--
--
--
--
--
--
--
--
--
--
--
C
o
n
tr
o
l
1
g
*
10
76
0.
03
5
4
.8
6
11
7#
g
i1
52
24
87
9,
B
G
L
U
15
(B
E
T
A
G
L
U
C
O
S
ID
A
S
E
15
)
C
o
n
tr
o
l
1
g
96
0
10
83
0.
00
70
6
.7
9
19
4#
g
i1
52
24
87
9,
B
G
L
U
15
(B
E
T
A
G
L
U
C
O
S
ID
A
S
E
15
)
--
--
--
--
--
--
--
--
--
--
--
--
C
o
n
tr
o
l
1
g
*
10
82
0.
00
47
9
.7
8
C
o
n
tr
o
l
1
g
11
86
13
18
0.
02
2
-
1
.8
4
30
2
g
i1
45
94
80
2,
tr
an
sl
at
io
n
in
it
ia
ti
o
n
fa
ct
o
r
eI
F
-4
A
1
25
4
g
i1
52
29
03
3,
M
T
O
3
(M
et
h
io
n
ii
n
e
o
v
er
-a
cc
u
m
u
la
to
r3
)
C
o
n
tr
o
l
1
g
*
12
66
0.
02
1
-
1
.7
1
12
3
g
i1
19
69
83
85
,
p
u
ta
ti
v
e
cy
to
so
li
c
g
lu
ta
m
in
e
sy
n
th
et
as
e
[P
op
u
lu
s
tr
em
u
la
·
P
op
u
lu
s
al
ba
]
C
o
n
tr
o
l
1
g
14
00
15
43
0.
00
13
-
1
.8
7
35
4#
g
i1
52
29
23
1,
G
A
P
C
1
(G
L
Y
C
E
R
A
L
D
E
H
Y
D
E
-3
-P
H
O
S
P
H
A
T
E
D
E
H
Y
D
R
O
G
E
N
A
S
E
C
S
U
B
U
N
IT
1)
24
1
g
i4
25
72
31
7,
A
.
th
al
ia
n
a
u
n
k
n
o
w
n
p
ro
te
in
C
o
n
tr
o
l
1
g
*
15
27
0.
00
46
-
1
.5
5
18
5
g
i1
52
24
59
2,
A
S
P
1
(A
sp
ar
ta
te
am
in
o
tr
an
sf
er
as
e1
)
11
5#
g
i1
52
27
98
1,
fr
u
ct
o
se
-b
is
p
h
o
sp
h
at
e
al
d
o
la
se
C
o
n
tr
o
l
1
g
18
76
20
43
0.
00
13
-
1
.4
9
14
2
g
i2
97
80
80
75
,
h
y
p
o
th
et
ic
al
p
ro
te
in
A
R
A
L
Y
D
R
A
F
T
_9
10
04
8
[A
ra
bi
d
op
si
s
ly
ra
ta
]
--
--
--
--
--
--
--
--
--
--
--
--
C
o
n
tr
o
l
1
g
*
19
72
0.
02
8
-
1
.4
2
C
o
n
tr
o
l
1
g
21
00
22
85
0.
01
5
-
1
.9
0
32
6
g
i1
52
28
27
6,
T
C
T
P
(T
R
A
N
S
L
A
T
IO
N
A
L
L
Y
C
O
N
T
R
O
L
L
E
D
T
U
M
O
R
P
R
O
T
E
IN
)
--
--
--
--
--
--
--
--
--
--
--
--
C
o
n
tr
o
l
1
g
*
21
93
0.
02
3
-
1
.7
1
C
o
n
tr
o
l
1
g
22
56
24
62
0.
00
08
1
-
2
.5
7
30
1
g
i3
06
97
29
8,
A
D
F
3
(A
C
T
IN
D
E
P
O
L
Y
M
E
R
IZ
IN
G
F
A
C
T
O
R
3)
--
--
--
--
--
--
--
--
--
--
--
--
C
o
n
tr
o
l
1
g
*
23
18
0.
02
4
-
2
.0
0
S
p
o
ts
ap
p
ea
ri
n
g
in
m
o
re
th
an
o
n
e
g
ra
v
it
at
io
n
al
co
n
d
it
io
n
(c
o
m
p
ar
is
o
n
b
as
ed
o
n
m
as
te
r
an
d
sp
o
t
n
u
m
b
er
s)
ar
e
sh
o
w
n
,
in
cl
u
d
in
g
st
at
is
ti
ca
l
si
g
n
ifi
ca
n
ce
(t
te
st
)
an
d
av
er
ag
e
fo
ld
ch
an
g
e
v
al
u
es
(i
n
A
v
er
ag
e
ra
ti
o
,
in
it
al
ic
s
w
h
en
re
d
u
ce
d
,
in
b
o
ld
w
h
en
in
cr
ea
se
d
in
co
n
ce
n
tr
at
io
n
).
M
as
co
t
v
al
u
es
ar
e
al
so
sh
o
w
n
fo
r
th
e
si
g
n
ifi
ca
n
t
ca
n
d
id
at
es
o
n
ly
(i
t
is
in
d
ic
at
ed
b
y
d
as
h
ed
li
n
es
w
h
en
m
o
re
th
an
o
n
e
ca
n
d
id
at
e
is
fo
u
n
d
fo
r
th
e
sa
m
e
sp
o
t)
.
#
h
ig
h
li
g
h
ts
ca
n
d
id
at
es
id
en
ti
fi
ed
in
an
o
th
er
sp
o
t.
S
ee
S
u
p
p
le
m
en
ta
ry
M
at
er
ia
l
fo
r
ad
d
it
io
n
al
m
et
h
o
d
d
et
ai
ls
.
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
221
enhanced impact of altered gravity on biological systems
under suboptimal environments (Herranz et al., 2010, 2012).
To analyze more deeply the proteomic response, we de-
cided to identify the more representative altered spots in
several pair comparisons. We chose 19 spots (Table 2),
namely, (a) those altered in the RPM/LDC samples, (b) two
spots especially easy to isolate with high fold changes in the
0g* position, (c) those spots appearing simultaneously al-
tered in any g* level after comparing its proteomic profile
with both the internal (1g*) and the external (1g) controls, (d)
two common spots of the comparisons of 0g* and 2g* with
1g, and (e) two outstanding spots revealed by the compari-
son of 0g* with the external 1g control. Once the spots of
interest were identified and located, trypsin-digested spots
were analyzed by a 4800 MALDI-TOF-TOF facility (Mac-
carrone et al., 2010). MASCOT searches with nrNCBI protein
database (viridiplantae only) were used to identify the can-
didate proteins that better fit with the mass spectrum ob-
tained for each spot tryptic peptides, up to eight
fragmentation peptides analyzed per spectrum (score higher
than 72 to have a p < 0.05).
Candidate proteins that appeared during the analysis
were easily identified as involved in cellular response to
stress conditions, like chaperonin (4.91-fold increase in 2g*),
b-glucosidase-15 (almost 10-fold increase in 2g*), and Hsp70
(slightly but significantly decreased in both 0g* and 2g*),
together with ATP synthase VHA-A and oxidoreductase
Sks5, which appeared in two different spots. Primary and
secondary metabolism enzymes usually appear to be af-
fected by environmental stress conditions (Liu et al., 2011),
and some of them were also found to be modified in our
study (Table 2). Previously performed proteomic analyses
with the use of 2-D electrophoresis cross comparisons iden-
tified similar types of proteins that were affected by
mechanically altered gravity conditions, among which fruc-
tose-bisphosphate aldolase in particular was mentioned (Wang
et al., 2006; Barjaktarovic et al., 2007, 2009). In our work, in
which spots were quantified in the same gel (DiGE), only a few
variations were found to be significant in the mechanical fa-
cilities, whereas the synergic action of two stressing conditions
(magnetic field and altered gravity) revealed proteomic chan-
ges similar to those reported in the literature.
Finally, we compared these specific proteins with the
genes we previously found to be affected with the use of an
Agilent array on the same samples. Most of the identified
matches affected similarly both hypergravity environments
(2g* in the magnet and LDC) (Table 3). It must be kept in
mind that the decrease of one spot could mean that the af-
fected protein has been postranslationally modified (trans-
formed into a new spot), becoming even more active; this
would explain apparent inconsistencies between proteomic
and transcriptomic data sets. In fact, we found additional
partial matches [e.g., protein GAPC-1, used as example in
Fig. 1C, match gene is not affected; but a similar gene,
GAPA-2 (AT1G12900), is] that would cross-validate both
proteomic and transcriptomic data sets.
Summarizing, we conclude that a 200min exposure to
mechanically altered gravity produces very few alterations in
our environmentally controlled system in comparison with
other studies in which Arabidopsis callus was exposed to
clinorotation or centrifugation with other designs (Wang
et al., 2006; Barjaktarovic et al., 2007, 2009). This result can be
explained by the different sensitivities of other proteomic
approaches (DiGE technology produces more statistically
reliable results than independent 2-D gels but provides less
number of spots detected) and also by the different duration
of the treatment and source of the biological material (for
instance, when using seedlings, cellular plus tissular pro-
teomic responses will be observed). Nevertheless, our results
are consistent with those of previous studies, which rein-
forces the idea that the alteration of gravity, together with
other physical forces, promotes an abiotic stress response
that provides the cells some adaptation benefits in the con-
text of a new environmental situation at genomic and pro-
teomic levels (Barjaktarovic et al., 2007, 2009; Manzano et al.,
2012). In fact, several plant species have the capacity to cope
with extreme environmental conditions by modifying sec-
ondary metabolism, stress, and repair pathways in a con-
certed way (Van Cutsem et al., 2011; Forster et al., 2012;
Payyavula et al., 2012).
Using magnetic forces seems to increase the system sus-
ceptibility to altered gravity and affects similar proteins as
those that have been described in other studies in which
mechanical simulators were used. The same gene ontology
functions have been detected by transcriptomic analyses
(Manzano et al., 2012). Similar enhanced effects of micro-
gravity on the transcriptomic profile have been observed
before when suboptimal environmental conditions were
added to the altered gravity stimulus (Herranz et al., 2010,
2012; Manzano et al., 2012). It is possible that the observed
Table 3. Coincidences between Proteomic and Transcriptomic Identified Protein/Gene
Proteome changes Transcriptome changes
Protein description Affected positions Array ID Affected positions
gi15227981, fructose-bisphosphate aldolase LDC and 2g* AT2G36460 LDC and 2g*
gi15229231, GAPC1 (Glyceraldehyde-3-phosphate
dehydrogenase c subunit 1)
LDC and 2g* AT3G04120 LDC and 2g*
gi15239741, CAD (Cinnamyl-alcohol dehydrogenase) LDC AT3G19450 LDC
gi15238762, GDH1 (Glutamate dehydrogenase 1) LDC AT5G18170 LDC and 0g*
gi14594802, translation initiation factor eIF-4A1 2g* AT1G51380 2g* and LDC
gi15224592, ASP1 (Aspartate aminotransferase 1) 2g* AT2G30970 2g*
gi15228276, TCTP (Translationally controlled
tumor protein)
2g* AT3G16640 2g* and LDC
Changes in gene expression or protein levels are indicated in bold (increase) or italics (decrease).
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effects at the 0g* and 2g* positions could be related to forces
generated by differences in magnetic susceptibility between
different components of the cell. Further experiments are
required to assess this possibility.
Investigation of ‘‘pure’’ microgravity effects should be
performed in space, but mechanical and magnetic simulators
could be used to study similar phenomena if we are able to
distinguish the mechanical/magnetic effects from the gravi-
tational effects in our systems. In addition, magnetic levita-
tion can be an alternative to other ground-based
methodologies and allow us to test the biological effects of
altered gravitational forces in an unusual environment.
Supplementary Material
All raw and identification data is available as Supplementary
Material (available online at www.liebertonline.com/ast and
deposited in the PRIDE database (http://www.ebi.ac.uk/
pride) following CNB computational proteomics unit/
proteomics facility guidelines (Kenyani et al., 2011) (PRIDE ID:
22049, 22050).
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